A major objective in identifying the mechanisms underlying neurobehavioral teratogenicity is the possibility of designing therapies that reverse or offset drug-or toxicant-induced neural damage. In our previous studies, we identified deficits in hippocampal muscarinic cholinergic receptor-induced membrane translocation of protein kinase C (PKC)g as the likely mechanism responsible for adverse behavioral effects of prenatal phenobarbital exposure. We therefore explored whether behavioral and synaptic defects could be reversed in adulthood by nicotine administration. Pregnant mice were given milled food containing phenobarbital to achieve a daily dose of 0.5-0.6 g/kg from gestational days 9-18. In adulthood, offspring showed deficits in the Morris maze, a behavior dependent on the integrity of septohippocampal cholinergic synaptic function, along with the loss of the PKCg response. Phenobarbital-exposed and control mice then received nicotine (10 mg/kg/day) for 14 days via osmotic minipumps. Nicotine reversed the behavioral deficits and restored the normal response of hippocampal PKCg to cholinergic receptor stimulation. The effects were regionally specific, as PKCg in the cerebellum was unaffected by either phenobarbital or nicotine; furthermore, in the hippocampus, PKC isoforms unrelated to the behavioral deficits showed no changes. Nicotine administration thus offers a potential therapy for reversing neurobehavioral deficits originating in septohippocampal cholinergic defects elicited by prenatal drug or toxicant exposures.
INTRODUCTION
Neurobehavioral abnormalities resulting from developmental exposure to drugs or neurotoxicants represent a major societal liability. A great deal of attention has been paid to identifying the mechanisms underlying adverse outcomes of exposures to behavioral teratogens, but relatively less work has focused on utilizing this information to attempt to ameliorate or reverse these defects. One prerequisite for such studies is the identification of specific synaptic and/or cellular mechanisms that represent the critical control point for a given behavioral perturbation, and we have shown in animal models that restoration of normal function is indeed feasible under those circumstances. To date, the best example is provided by the barbiturate, phenobarbital, which targets septohippocampal cholinergic innervation and its related synaptic and behavioral parameters.
Phenobarbital is a neurobehavioral teratogen in humans and animals (Smith et al, 1986; Yanai, 1984; Wallace, 1984) that was formerly used during pregnancy for prophylaxis of neonatal hyperbilirubinemia (Valaes and Harvey-Wilkes, 1990 ), for epilepsy (Nulman et al, 1999) , and for the prevention of subependymal/intraventricular hemorrhage in preterm infants (Arroyo-Cabrales et al, 1998) . Like a number of other neuroteratogens (Steingart et al, 2000a, b) , phenobarbital's neurobehavioral teratogenic actions converge on the functioning of septohippocampal cholinergic pathways, resulting in a pattern of defective synaptic transmission and attendant hippocampus-related behavioral deficits (Yanai et al, 1996; Steingart et al, 2000a, b) . Accordingly, therapies in adulthood that re-establish hippocampal cholinergic function, including suppression of inputs that offset cholinergic activity (Yanai et al, 1989) and grafting of cholinergic precursor cells into the hippocampus (Steingart et al, 2000a, b) , offset both the behavioral and neurochemical changes associated with the teratogen. These findings provide the rationale for attempting to reverse neuroteratogenicity with a more feasible procedure, namely nicotine therapy.
As a cholinergic agonist, nicotine can substitute for acetylcholine in a situation of impaired function. Nicotine therapy has been applied successfully in humans as well as in animal models for the reversal of cognitive dysfunction associated with surgical lesions or neurodegenerative disorders (Rezvani and Levin, 2001) , and can be applied safely and continuously either by transdermal patches in humans (Hanson et al, 2003) or by subcutaneously implanted osmotic minipumps in animals (Slotkin, 1998 (Slotkin, , 2002 . Nicotinic cholinergic receptors crosstalk with muscarinic cholinergic inputs at the level of protein kinase C (PKC) (Messing et al, 1989; Tuominen et al, 1992) , providing a rationale for a mechanistically based reversal of phenobarbital-induced neurobehavioral and synaptic defects.
In the current study, we evaluated the ability of nicotine infusions given in adulthood to reverse the behavioral and synaptic defects evoked by prenatal phenobarbital exposure. For behavioral assessment, we relied on the Morris water maze, which is dependent on the integrity of septohippocampal cholinergic innervation (Shim et al, 2003) and has served as an appropriate behavioral end point in numerous models detailing hippocampal dysfunction. At the synaptic level, we focused on the functioning of muscarinic cholinergic receptors and their control of PKCg activation and translocation to the cell membrane (Steingart et al, 2000b; Yaniv et al, 2004) . PKC is specifically implicated in hippocampal learning (Golski et al, 1995; Olds et al, 1990; Wehner et al, 1990) , and our earlier work with heroin showed that the desensitization of PKC response, and specifically that of PKCg, to muscarinic receptor stimulation is the principal neurochemical mechanism of their behavioral teratogenicity (Steingart et al, 2000b; Shahak et al, 2003) . Given the similarities between heroin and phenobarbital for behavioral outcomes and cholinergic synaptic defects (Steingart et al, 2000a; Yanai et al, 1996) , we hypothesized that the same signaling pathway would be targeted by phenobarbital and restored by nicotine. To demonstrate specificity, we have performed a number of comparisons with other PKC isoforms, regions, and biomarkers. We evaluated changes in PKCa, an isoform that is unrelated to hippocampus-dependent behaviors, and whose translocation from cytosol to cell membrane is not inducible by cholinergic receptor stimulation (Colombo et al, 1997) . We also evaluated changes in PKCg responsiveness in the cerebellum, a target region that is relatively sparse in cholinergic innervation and that should therefore be spared as compared to the hippocampus. Finally, we evaluated biomarkers of cholinergic synaptic integrity and activity, and markers for neural cell damage in the cerebral cortex and brainstem, so as to demonstrate the regional specificity of phenobarbital's effects and nicotine's ability to offset those effects.
MATERIALS AND METHODS
Female heterogeneous stock (HS/Ibg) mice were exposed to 0.3% phenobarbital contained in their milled food (net dose of 500-600 mg/kg per day) on gestational days 9-18 and the offspring were crossfostered by control dams within 24 h after birth. Animals were weaned on postnatal day (PN) 25 and on PN44 they were implanted with Alzet type 1002 osmotic minipumps (Durect, Cupertino, CA), containing nicotine bitartrate (Sigma, Israel) in bacteriostatic water (Abbott Diagnostics, Abbott Park, IL), set to deliver 10 mg/kg of nicotine-free base per day; controls received equivalent concentrations of sodium bitartrate. The effectiveness and details of these treatments have been described in detail in previous work (Steingart et al, 2000a; Yanai and Pick, 1988; Slotkin, 1998; Slotkin, 2002) . In keeping with the prior studies, there were no signs of maternal, fetal, or neonatal toxicity or withdrawal. Morris maze testing began on PN53 and continued for 5 days. At 1 day after the behavioral testing (PN58), brains were removed and the hippocampus, cerebellum, cerebral cortex, and brainstem were dissected. The first two regions were taken for analysis of cholinergic-induced translocation/activation of PKC isoforms, whereas the latter two were used for assessment of cholinergic and cell injury biomarkers.
All experiments were designed so that only a single pup from each litter was used in each experimental group in order to prevent bias resulting from litter effects. Both males and females were used in the studies and the possibility of gender effects was considered in the statistical analysis.
The Morris water maze was conducted in an adaptation (Rogel-Fuchs et al, 1994) of the device originally developed for rats (Morris, 1984) , using a circular tank 87 cm in diameter, containing water (241C) rendered opaque by adding powdered milk, and a platform 8 Â 10 Â 9 cm (l Â w Â h), placed 1 cm below the surface of the water. In the place test, the mice were given two blocks of four trials on each day for four consecutive days (Nilsson et al, 1987) . On all trial days, each mouse was given 60 s to swim, find the platform and climb onto it and the time to reach the platform (latency). The mouse was then left on the platform for 20 s until the start of the next trial. Mice that failed to find the platform within 60 s were removed from the water and placed on the platform for 20 s until the start of the next trial. On the fifth day, the mice were given only one block of four trials of the place test followed by one block of four trials of the spatial probe test. In the latter test, the platform was removed and the extinction of the learned behavior was evaluated as the sequential decline in the proportion of the distance swum in the quadrant of the missing platform, over the four 60-s trials. To control for the possible effect of swimming ability on the results, the swimming speed during each of the trials was calculated.
Quantitative Assessment of PKC Isoforms
Levels of the PKC isoforms g and a in the cytosolic and membrane fractions of hippocampal and cerebellar preparations were assayed after incubation of tissue slices with or without the cholinergic agonist, carbachol, using protocols modified (Steingart et al, 2000b; Shahak et al, 2003; Yaniv et al, 2004 ) from those of Burnette (1981) and Towbin et al (1979) . As all these procedures have been described in detail previously Yaniv et al, 2004) , only a brief description will be provided here.
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Tissues from each mouse were sliced uniformly with a McIlwain chopper and the slices were then distributed equally into two separate tubes. Incubations took place in the presence or absence of 1 mM carbachol (carbamylcholine chloride, Sigma, St Louis, MO) at 321C for 40 min. After incubation, the tissues were washed twice with fresh buffer, homogenized, and then sedimented at 100 000g for 1 h at 41C, after which the supernatant solution containing the cytosolic fraction was frozen. The membrane pellet was resuspended and digested with 0.5% Triton X-100 (Sigma), then sedimented as previously described, and the supernatant solution was frozen.
Western blot analysis was carried out by gel electrophoresis of 10-15 mg aliquots of cytosolic and membrane protein using specific primary antibodies for each PKC subtype (Santa Cruz Biochemicals, Santa Cruz, CA) and an IgG HRP-conjugated (Bio-Rad) secondary antibody, exactly as described earlier (Yaniv et al, 2004; Shahak et al, 2003) . We did not include internal standards of structural 'housekeeping' proteins (a-tubulin or b-actin) because many neuroteratogens, including phenobarbital, influence neuromorphological development (Eisch et al, 2000) and consequently cause alterations in the expression of these cytoskeleton proteins, unrelated to the neurobehavioral effects linked to specific cell signaling pathways. Instead, to ensure standardization, samples with and without carbachol were assessed in slices from the same animal and were run in proximity to each other on the same gel, so that the response was determined as the stimulation caused by carbachol within the preparations from each animal. Thus, any inherent differences other than the specific concentration of PKCg are equally represented in both the numerator and denominator and do not contribute to the measured outcome, eliminating any differences in absolute concentrations on the gel that may be secondary to variable loads or nonspecific changes in protein expression; we further ensured that the OD readings for each lane were within the linear range of measurement. As an additional control, we evaluated receptor-induced translocation of PKCa, an isozyme that does not participate in hippocampal tasks such as spatial memory (Colombo et al, 1997) . The lack of translocation observed for PKCa ensures that any alteration seen for PKCg does not reflect artefacts in the Western blotting procedures.
Cholinergic and Cell Injury Biomarkers in Cerebral Cortex and Brainstem
These determinations were designed to assess the hippocampal specificity for the effects of phenobarbital and for the amelioration caused by subsequent nicotine treatment. Determinations were modeled on our earlier work showing global hippocampal upregulation of the presynaptic choline transporter and muscarinic receptors after prenatal phenobarbital exposure, changes that represent compensation for defective PKCg signaling (Steingart et al, 2000b; Yanai et al, 2003) . Four cholinergic biomarkers were assessed: choline acetyltransferase (ChAT), [ 3 H]hemicholinium-3 (HC3) binding to the choline transporter, nicotinic acetylcholine receptor (nAChR) binding, and m 2 AChR binding. Again, all the procedures have been described in detail previously (Qiao et al, 2003; Trauth et al, 1999) and will be presented only briefly here. Tissues were homogenized with a Polytron (Brinkmann Instruments, Westbury, NY) and aliquots were withdrawn for assessment of DNA and total protein. For ChAT activity, aliquots of homogenate (or buffer for the blanks) were incubated with 50 mM [ 14 C]acetyl-coenzyme A (Perkin-Elmer Life Science, Boston, MA), and labeled acetylcholine was then extracted, counted and the activity determined relative to tissue protein (Smith et al, 1985) . For measurements of radioligand binding, an aliquot of the same tissue homogenate was sedimented at 40 000g, washed and resedimented, and the membrane pellet resuspended for the assays. For choline transporter binding, assays contained a final [
3 H]HC3 concentration of 2 nM and the nonspecific component was determined in the presence of 10 mM unlabeled HC3 (Sigma). For m 2 AChR binding, aliquots of the same membrane preparation were incubated with 1 nM [3 3 H]AFDX384 (Perkin-Elmer) with or without 1 mM atropine (Sigma) to displace specific binding. For nAChRs, the ligand was 1 nM [ 3 H]cytisine and the displacer was 20 mM nicotine. Ligand binding was calculated relative to the amount of membrane protein.
DNA was determined in aliquots of the same tissue homogenates used for cholinergic biomarkers, using a fluorescent dye-binding method described earlier (Qiao et al, 2003) . Samples were sonicated briefly (Virsonic Cell Disrupter, Virtis, Gardiner, NY) and Hoechst 33258 (Sigma) was added to a final concentration of 0.1 mg/ml. Samples were then read in a spectrofluorometer using an excitation wavelength of 356 nm and an emission wavelength of 458 nm, and were quantitated using standards of purified DNA.
Data Analysis
Data are presented as means and standard errors, with differences between treatments established by multivariate ANOVAs (data log transformed whenever variance was heterogeneous), followed where appropriate by the Tukey test for post hoc comparisons between groups. Sex effects were considered in the analysis and, in agreement with earlier work with prenatal phenobarbital treatment (Steingart et al, 2000a, b) , the initial ANOVA did not identify any significant interactions of treatment Â sex; accordingly, results from males and females are presented together. Significance for all tests was assumed at the level po0.05. For convenience, some results are presented as the percent change from control values or as the percent stimulation over basal PKC activity; however, statistical tests were always performed on the original data.
RESULTS
Mice exposed prenatally to phenobarbital displayed impaired Morris water maze performance, requiring more time than controls to reach the platform ( Figure 1a) ; the gap between the control and the treated offspring remained unchanged throughout the entire test period (no interaction of treatment Â day). By itself, nicotine infusion had no effect on performance but nicotine totally reversed the deficits evoked by prenatal phenobarbital exposure. Differences in Morris maze performance did not reflect alterations in swimming ability, as we did not find any differences in the total swimming speed when the platform was removed for the spatial probe test (Table 1) . We also did not detect significant differences among groups for extinction in the spatial probe test (Figure 1b) : across all groups, there was a progressive reduction in the time spent in swimming in the quadrant in which the platform had been located (po0.0001), but the trial-to-trial variability precluded finding significant intergroup differences in the extinction rate.
In keeping with earlier work , stimulation of muscarinic acetylcholine receptors (mAChRs) with carbachol elicited translocation of PKCg to the membrane fraction in the hippocampus of control mice (Figure 2a) . Prenatal exposure to phenobarbital completely eliminated the response. Animals given nicotine infusions alone showed a normal response to carbachol, that is, indistinguishable from the response seen in control animals. The nicotine infusion restored the PKCg response in the animals that had been exposed to phenobarbital prenatally, eliciting translocation that equaled or exceeded the control response. To verify the specificity of this effect, we performed a similar analysis for cytosolic PKCg and found no carbachol-induced increase in the controls, and no effect of phenobarbital or nicotine alone or in combination (Figure 2a) . Similarly, when we examined PKCa, an isoform that is not relevant to the behavioral test, there was no translocation elicited by carbachol and none of the treatments had an effect on either membrane or cytosolic components (Figure 2b) .
To ascertain the regional specificity of the effects of prenatal phenobarbital and its amelioration by nicotine, we examined the PKCg response in the cerebellum, a region that is sparse in cholinergic projections and that does not play a major role in Morris maze performance. Carbachol did not elicit significant membrane translocation of PKCg in control animals and phenobarbital, nicotine, or the combined treatment had no effect on either membrane or cytosolic activity (Figure 3) .
In our earlier work with the prenatal phenobarbital model, we documented global upregulation of presynaptic and postsynaptic biomarkers of cholinergic activity in the hippocampus, findings that led to the current focus on PKCg as the underlying defect in synaptic signaling (Steingart et al, 2000b; Yanai et al, 2003) . In the current study, we expanded our investigations to the cerebral cortex and brainstem, regions that are also enriched in cholinergic nerve terminals and cell bodies (Cooper et al, 1996) . To enable comparison across the two regions, values are presented as the percent change from control, and the corresponding control values are given in Table 2 .
Prenatal phenobarbital treatment had no effect on nAChR binding in either region but nicotine administration in adulthood elicited the expected upregulation in both cerebral cortex and brainstem (Figure 4a ). The effect of nicotine on nAChRs was not altered by prior exposure to phenobarbital, as upregulation was identical in the animals receiving the combined treatment. Accordingly, it is unlikely that prenatal phenobarbital exposure globally affected either the pharmacokinetics or pharmacodynamics of nicotine given in adulthood.
We then examined ChAT and HC3 binding, two biomarkers that delineate cholinergic presynaptic integrity and activity. ChAT, the enzyme responsible for acetylcholine biosynthesis, is a constitutive marker for cholinergic nerve terminals but its activity does not respond to changes in impulse flow, whereas HC3 binding does respond to increases or decreases in synaptic stimulation (Cooper et Figure 1 Effects of prenatal phenobarbital exposure and subsequent nicotine infusion on performance in the Morris water maze. Data for latency to find the platform (a) represents mean and SE obtained from 23 to 27 animals in each group, compiled from eight trials on days 1-4 and four trials on day 5 (see Methods). In (b), the platform was removed and the proportion of swimming distance in the quadrant that had contained the platform was determined; values represent mean and SE obtained from 12 animals in each group, compiled across four trials conducted on day 5. 1996; Klemm and Kuhar 1979; Simon et al, 1976; Zahalka et al, 1992 Zahalka et al, , 1993 . Prenatal phenobarbital treatment had no significant effect on either ChAT or HC-3 binding (Figure 4b and c) , in contrast to the robust upregulation of the latter biomarker in the hippocampus as reported earlier (Steingart et al, 2000a, b) . Phenobarbital elicited a small, but significant increase in m 2 AChR binding across the two brain regions and this effect was reversed by the subsequent nicotine treatment ( Figure 4d) ; by itself, nicotine had no effect. Finally, we examined the cerebral cortex and brainstem for cell damage biomarkers to evaluate whether neural cell injury contributes to the synaptic defects, and whether nicotine can reverse the injury. We focused on DNA content and the membrane/total protein ratio. As each neural cell contains a single nucleus with the same amount of DNA (Winick and Noble, 1965) , the DNA content provides a measure of cell loss (Qiao et al, 2003) . Similarly, neuritic outgrowth necessitates an increase in the membrane surface area of the cell and a corresponding rise in the membrane/ total protein ratio (Qiao et al, 2003) . Since these measures involve all the cells and projections in a given region, they tend to change by small amounts but the consistency of the values renders even small changes readily detectable. Prenatal phenobarbital exposure evoked a significant decrement in DNA content with a larger effect in the cerebral cortex as compared to brainstem (Figure 5a) . Although nicotine by itself had no effect, it significantly reversed the deficit caused by phenobarbital. However, the changes for membrane protein were quite different ( Figure 5b ): phenobarbital had no effect but nicotine reduced the membrane/total protein ratio regardless of whether animals had received prenatal vehicle or phenobarbital treatment. 
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DISCUSSION
The present study demonstrates the efficacy of, and potential mechanisms for, nicotine therapy for the reversal of neurobehavioral birth defects in a defined model of septohippocampal cholinergic dysfunction. Mice exposed prenatally to phenobarbital demonstrated a complete loss of the cholinergic-induced translocation/activation of PKCg in the hippocampal membrane fraction, and a corresponding deficit in Morris maze performance. Both the effects of phenobarbital and the reversal by nicotine were highly specific. Phenobarbital did not alter PKCg translocation in the cerebellum, nor did it affect the activation of the nonbehaviorally relevant PKCa isoform in the hippocampus. Similarly, the restitution of behavioral performance by nicotine administered in adulthood rectified the hippocampal PKCg defect without influencing hippocampal PKCa or cerebellar PKCg. Neuroteratogens generally act diffusely in the brain, resulting in multiple neurobehavioral deficits. In our studies, we focused on behavioral deficits related to a specific brain region (hippocampus) and innervation (cholinergic projections from the septum) so as to connect synaptic mechanisms of damage and repair to actual behavioral outcomes. Indeed, the septohippocampal cholinergic pathway provides an ideal model for this purpose, as spatial memory tasks such as the Morris maze are known to be controlled in large measure through this pathway (Nilsson et al, 1987; Olton and Papas 1979) . In our earlier work with the prenatal phenobarbital model, we found profound upregulation of all aspects of presynaptic and postsynaptic activity in the hippocampus, including increases in HC-3 binding, acetylcholine release, mAChR binding, and mAChR linkages to signaling pathways other than PKCg Steingart et al, 2000b; Yaniv et al, 2004) . Our recent discovery of the defect in PKCg translocation as the critical step targeted by phenobarbital enabled us to pursue several approaches to reversing the neurobehavioral deficits, including grafting of cholinergic precursor cells into the hippocampus (Steingart et al, 2000b; Yanai et al, 2003) and lesioning of the inhibitory dopaminergic inputs to the hippocampus (Yanai et al, 1989) . However, neither of these approaches is practicable for projected clinical use, whereas pharmacotherapy with nicotine is. Indeed, nicotine has been used to improve cognitive function in situations of cholinergic deficiency, such as in patients with neurodegenerative diseases (Newhouse et al, 1988) , schizophrenia (Rezvani and Levin, 2004) , or other situations exhibiting cognitive deficits (White and Levin, 1999) . In animal models, nicotine improves hippocampal performance in aged rats with cognitive impairment or in young rats with cholinergic lesions (Levin, 1993) . Furthermore, a recent study found that acute nicotine administration temporarily offsets the cognitive deficits induced by perinatal lead exposure (Zhou and Suszkiw, 2004) , so that pharmacotherapeutic approaches to the reversal of neurobehavioral teratogenesis may, in fact, be widely applicable.
One key question raised by our findings is exactly how nicotine can rectify defective PKCg signaling. Although Values represent mean and SE obtained from 22 to 24 animals in each group for the cerebral cortex and 10 to 12 animals in each group for the brainstem.
mAChRs are primary regulators of PKC translocation/ activation (Van der Zee et al, 1993) , nAChRs can also signal through PKC (Messing et al, 1989) , and in addition, nAChRinduced release of other neurotransmitters further activate PKC pathways (Wonnacott, 1997) . Both the a7 and a4b2 nAChR subtypes are implicated in the cognitive-enhancing effects of nicotine, including those mediated through septohippocampal cholinergic pathways (Rezvani and Levin, 2001 ). All of these contributing factors converge on the outcome seen here for the phenobarbital model: there was a clear nAChR-mAChR connection in that the ability of nicotine to reverse behavioral teratogenesis was specifically related to the restoration of mAChR-induced PKCg translocation/activation. Our findings in the cerebral cortex and brainstem reinforce the specificity of the effects of prenatal phenobarbital exposure and their reversal by nicotine. Unlike the situation in the hippocampus, where phenobarbital elicits 70-100% increases in HC3 binding and mAChRs Steingart et al, 2000a, b; Yaniv et al, 2004) , we did not find global upregulation of presynaptic and postsynaptic cholinergic activity markers in the other regions, with the exception of a small, but significant increase in m 2 AChRs. The overwhelming impact of phenobarbital on cholinergic systems is thus on the septohippocampal cholinergic pathway and not on cholinergic circuits throughout the brain. That does not mean, however, that phenobarbital affects only this one circuit or only the hippocampus. When we examined general indices of cell damage, we found significant reductions in cell numbers (DNA content), especially in the cerebral cortex. This effect too was partially reversed by nicotine therapy. Since DNA reflects both neurons and glia, it is not possible to determine from this measurement alone whether neuronal replacement participates in the restoration of function, or whether the reversal of cell deficits represents (Table 2) . ANOVA across all treatments and both regions appears at the top of each panel; lower-order tests for each region were not carried out because of the absence of treatment Â region interactions.
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A Beer et al gliosis. However, the small induction of cerebrocortical and brainstem m 2 AChRs was also reversed by nicotine therapy, suggesting that nicotine has additional actions that may offset neural damage and associated behavioral impairments in other areas and circuits. Although nicotine itself is a neuroteratogen (Slotkin, 1998) , it has positive neurotrophic and neuroprotective effects in the adult brain (Belluardo et al, 2000) . Accordingly, the ability of nicotine to offset the deleterious effect of prenatal phenobarbital on the number of cerebrocortical neural cells may represent prevention of apoptotic cell loss that may occur as a delayed consequence of prenatal phenobarbital exposure (Belluardo et al, 2000) . However, not all of the effects of nicotine were beneficial, as we found indications of impairment of neuritic outgrowth in the nicotine-treated animals, as evidenced by a reduced membrane/total protein ratio. Our findings indicate the need for follow-up studies in a number of areas. First, we did not assess whether nicotine therapy reverses the alterations in hippocampal cholinergic synaptic markers other than PKC, although our findings would suggest that this is likely to occur, given their reversal by grafting of cholinergic precursor cells into the hippocampus (Steingart et al, 2000b; Yanai et al, 2003) ; measurement of PKC translocation precludes the use of the same tissues for cholinergic biomarkers, so these will need to be evaluated separately. Second, we used 10 mg/kg/ day of nicotine to accomplish our principal goal, establishing the feasibility of reversing phenobarbital neurobehavioral teratogenicity. Future studies need to establish the dose-response relationship, including measurement of plasma nicotine levels (given the much more rapid clearance of nicotine in the mouse as compared to humans), so as to select the lowest effective dose. Lastly, in light of the obvious liabilities of long-term nicotine therapy, the possibility needs to be explored that other cholinergic agonists, cholinesterase inhibitors, or cholinergic precursors will have similar therapeutic effects.
The current results show how knowledge of the specific neural pathway, regional target, and neurochemical defect underlying the actions of a defined neurobehavioral teratogen can lead to a rational, mechanistic approach to the design of therapies that restore behavioral function. Unlike surgical interventions such as neural grafting or lesioning of offsetting inputs, the potential application of nicotine therapy is entirely feasible and can be applied with existing techniques such as the nicotine transdermal patch. Finally, our results point to a potential contributory factor for the existence of human subpopulations that are especially vulnerable to the rapid onset of nicotine dependence upon experimentation with tobacco (DiFranza et al, 2002) : individuals with cognitive impairment resulting from prenatal drug or toxicant insults may be able to rectify synaptic function through the self-administration of nicotine. These findings thus point to a convergence of studies of the origins, mechanisms, and therapies of neurobehavioral teratogenesis, with the propensity for stimulant abuse later in life. (Table 2) . ANOVA across all treatments and both regions appears at the top of each panel; lower-order tests for each region were not carried out because of the absence of treatment Â region interactions.
